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Abstract: The generation of food loss and waste (FLW) is a global problem for worldwide politics.
About one-third of the food produced ends up in the rubbish before it is consumed. For this reason,
it is essential to design and implement new strategies along the food supply chain (FSC) with the
aim of reducing this FLW at each stage. However, not only mass quantification should be considered,
but also economic and nutritional performance. The novelty of this study is the definition of a
methodology based on the “distance to target” approach by means of multi-objective optimization to
evaluate the economic and nutritional cost produced by this FLW. This methodology was applied to
the Spanish food basket in 2015. The results revealed that 80% of the total FLW generated in economic
and nutritional terms is concentrated in the agricultural production (53.3%) and consumption (26.3%)
stages. In the first stages of the FSC, fruits (Dn eq.= 0.7), cereals (Dn eq.= 0.61), and vegetables
(Dn eq.= 0.57) were the furthest from the distance target due to the great amount of FLW generated.
Moreover, according to the normalized weighted distances obtained from the minimization of
economic and nutritional cost, pulses (Dn eq. = 0.05–0.03) and eggs (Dn eq. = 0.02) were the more
efficient food categories. The methodology described in this study proposes a single index to quantify
the economic and nutritional cost of different food categories to facilitate the decision-making process.
This index makes possible the definition of reduction strategies focused on specific food categories
and depending on the FSC stage.
Keywords: economic assessment; life cycle assessment; food loss and waste; multi-objective
optimization; nutritional assessment
1. Introduction
Food loss and waste (FLW) is a mainstream environmental, social, and economic
concern at a global scale [1]. It is estimated that around 1300 million tons of food for human
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consumption are wasted each year in the world [2]. FLW is produced along the whole
food supply chain (FSC), including agricultural production, post-harvest, handling and
storage, processing and packaging, distribution, and final consumption. However, despite
of the lack of harmonization in terminology, it is important to distinguish between the
losses (FL) that occur at the beginning of the FSC (agricultural production, post-harvest,
and processing), and those wastes (FW) generated at the end of the FSC [3], which are
more related to retailers and consumer behavior [4]. Geographically, low-income countries
are characterized by important FL in the early stages of FSC, from agricultural production
to processing, where impacts are the strongest and losses tend to be the largest due to
the lack of technological infrastructure causing significant post-harvest losses. In contrast,
medium- and high-income countries result in great FW in the retail and consumption
stages, as products are discarded even if they are still suitable for human consumption [5].
The causes of these losses stem mainly from consumer behavior and lack of coordination
between different actors in the supply chain [6].
Figure 1 displays global FL and FW per capita in 2011. In Europe and North America,
the per capita FLW reached 280 kg/year and 300 kg/year, representing FL 68% and 60%
of the total amount, respectively. This means that, on average in industrialized countries,
around 40% of FLW take place at retail and consumer levels. On the other hand, FLW per
capita in Sub-Saharan Africa and South/Southeast Asia were 170 kg/year and 120 kg/year,
respectively. In this case, FL represented more than 90% of the total FLW, with low
contribution of the last stages of the FSC [6]. Moreover, Gustavsson et al. [7] estimated that
the food wasted in industrialized regions is around 12 times higher than in developing
countries.
Figure 1. Global food losses (FL) and food wastes (FW) measured in kg per capita in 2011 [6].
The amount of FLW in the different stages depends on several factors, such as the type
of agricultural production systems, market requirements, diets and consumption patterns,
or income level. These FLW lead to a great imbalance between developing and developed
countries, with more than 90% of the global undernourished people living in Asia and
Africa [8]. Therefore, several measures focused on the different stages (production, post-
harvest, storage, distribution, and consumption) of the FSC are required to enhance food
security [9] and to face the challenge of feeding the world’s population sustainably [10].
Some remarkable measures are improving farmers’ livelihoods by marketing perishable
food crops to reduce post-harvest losses of these products. Furthermore, investing in food
processing infrastructure and market facilities including packaging would also sustainably
improve the food security situation by addressing the growing demand in metropolitan
areas. In addition, transport and energy losses would be improved and the product’s
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life increased. All these measures require coordinated action by states, international
organizations, the private sector, and civil society [11].
From an economic point of view, the Food and Agriculture Organization of the United
Nations (FAO) estimated that wasting 1300 million tons of food produced around USD
1 trillion of economic costs per year, whereas environmental costs reach around USD
700 billion and social costs around USD 900 billion [11]. At the European level, economic
losses reached €143 billion in 2012, with two-thirds of the costs being related to household
consumption [9]. In environmental terms, FLW supposes a great squandering of energy,
water, and material resources, as well as the emission of greenhouse gases (GHG), among
other pollutants. In 2007, the carbon footprint (CF) related to global FLW was estimated
at 3.3 Gtons of CO2 equivalent (eq.), increasing to 4.4 Gtons of CO2 eq. in 2011, with
cereals (34% of the total CF), meat (21%), and vegetables (21%) as the main contributors.
Comparing this value with the CF of several countries, the emissions of CO2 eq. from
FLW would rank number three in the world, overtaken only by USA (7.1) and China
(6.9) [12]. In addition, the global blue water footprint related to surface and groundwater
consumption was about 250 km3 and the global land occupation footprint was about
1.4 billion hectares [13].
These alarming data raise the need to include the reduction of FLW in Sustainable
Development Goal (SDG) number 12, whose goal 12.3 calls for “halving per capita global
food waste at the retail and consumer level, and reducing food losses along production
and supply chains by 2030” [14].
Moreover, actions and strategies to reduce FLW have been developed by several
authors and taken by means of initiatives and regulations at European and national level.
Prevention aims to reduce the amount of waste, its adverse impact on the environment and
human health, and the content of harmful substances in materials and products [15]. This is
the most favorable action according to the waste hierarchy and it has been valued in the FSC
by several authors. Lasaridi et al. [16] established some measures that should be considered
in order to prevent FLW, both in production and consumption stages, such as donations,
appropriate storage conditions, management of order in the retail sector, and education
of personnel in the retail-wholesale sectors, among others. Likewise, Zorpas et al. [17]
investigated the implementation of some prevention activities at household and the conse-
quent reduction of food waste. In addition, a holistic approach processing how to develop,
implement, monitor, and improve a strategy that can be applied for food waste prevention
was developed by Zorpas [18].
However, when prevention is not possible, other actions to reduce FLW have been
taken by means of initiatives and regulations at European and national level. In 2011, the
European Parliament adopted the decision on “how to avoid food wastage: strategies
for a more efficient food chain in the EU” that aims to halve food waste by 2025 and to
improve food security in Europe [19]. In 2015, the European Commission published the
action plan for the circular economy (Closing the loop—An EU action plan for the Circular
Economy) that prioritizes FLW prevention and encourages member states to include in
their policy measures to reduce FLW along the whole FSC [20]. In 2016, the European
Union (EU) Platform on FLW was established, bringing together experts, stakeholders,
and institutions of the EU to define measures to prevent and reduce FLW evaluating its
progress and sharing their experiences [21].
To meet these goals several European projects have been approved. For instance,
FUSIONS (Food Use for Social Innovation by Optimising Waste Prevention Strategies)
contributed to harmonize FW monitoring and to develop guidelines for a common food
waste policy for the 27 European Union countries (EU-27), among other actions [22]. In 2015,
the REFRESH project [23], financially supported by the EU Horizon 2020, was planned
to contribute to reaching the FLW reduction target of SDG 12.3, which is equivalent to
between 25 and 40 million tons of food not being wasted in 2025 and accounts for €10 billion
a year [24]. On the other hand, awareness-raising events, such as the “International Food
Loss and Waste Awareness Day”, are also celebrated to make society aware of this issue.
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At the national level, Spain is the seventh largest food-waste country (7.7 million
tons). In 2019, 1352 million kg/L of food and drinks were thrown away (4.7% of the food
we buy) of which 1.146 million were unprocessed products and 206 million were cooked
dishes. Currently, during the COVID-19 health crisis, food waste has been reduced by up
to 14% (March to June 2020) [25]. On the other hand, the main reasons for the generation
of waste in Spanish companies are product quality and machinery damage. Most of the
wasted products are sent to the landfill although the high cost of sending products to the
landfill is causing companies to be more aware of the need of reducing the amount waste
landfilled. As a result, 71% of companies have internal strategies to combat this type of
waste treatment [26]. To handle this issue, the initiative called “Food has no waste” [27]
promoted prevention practices to take advantage of the production surplus and to make
society aware of the FLW problem. In 2013, the Spanish Ministry of Agriculture, Fisheries
and Food launched the campaign “More food, less waste 2013–2016” [28] followed by the
new Strategy 2017–2020 [29]. These documents expected to measure the amount, type,
and reasons of food wastage, in which stages of the FSC they were produced, and to
disseminate and promote best practices [29]. Despite these efforts, currently Spain does not
have a harmonized regulation for FLW management. Regional regulations and measures
were adopted in the Balearic Islands with the Waste Reduction Law of 2019 that includes
good practice guidelines [30], in Galicia where restaurants are required to deliver leftover
to their clients [31], or in Catalonia with the first law that penalizes food wastage through
the entire FSC [32].
Although progress can be observed in the adoption and publication of policies and
regulations taken at European, national, or regional level, the content of these actions is
similar in all of them. In 2011, the European Parliament adopted the decision “how to avoid
food wastage: strategies for a more efficient food chain in the EU”, which outlined a series
of strategies to reduce food waste by 2025. In 2015, an action plan for the circular economy
was published. However, the strategies proposed in both regulations are quite similar.
Likewise, initiatives in Spain (“food has no waste” or “more food, less waste 2013–2016”)
and at the regional level also focus on those actions proposed at European level, such as the
publication and dissemination of best practices guides, regulatory aspects, collaboration
with stakeholders, new technologies, and other measures. Therefore, despite the existence
of several regulations and projects related to reducing FLW, progress in its content in recent
years is scarce.
Several studies have estimated and evaluated FLW from the economic, weight, nutri-
tional, or environmental perspective. Gustavsson et al. [7] determined the FLW at a global
level, finding a direct relation between higher amounts of FW and the industrialization
level of the country. Kummu et al. [33] determined FLW in terms of mass and its nutritional
energy lost, considering the difference between FL and FW. From a nutritional perspective,
Buzby et al. [34] and Spiker et al. [35] estimated a nutritional loss in the USA of 1249 and
1217 kcal/capita per day in 2010 and 2012, respectively. However, Hall et al. [36] obtained
a higher amount of calories wasted in the USA, 1400 kcal/capita per day. At a global scale,
Abbade [37] estimated the nutritional cost derived from FLW registered worldwide, which
would allow feeding about 940 million people, being enough to feed the undernourished
population worldwide.
From an environmental perspective, Scherhaufer et al. [38] reported a value of 2.13 t
CO2 eq./t waste in Europe, similar to the value published by the European Commission,
1.9 t CO2 eq./t waste [24]. At a national scale, Quested and Johnson [39] estimated a value
of 4.5 t CO2 eq./t waste in UK households. Gruber et al. [40] assessed the environmental
burdens of three products’ waste (potatoes, milk, and rice) using life cycle assessment
(LCA), determining the influence of consumers’ behavior and food category on the total
impact of each life cycle stage.
Finally, from an economic point of view, there are few studies related to FLW at
the agricultural production, post-harvest, and processing stages. Rutten [41] established
that FLW in industrialized and developing countries was very different (US$ 680 and
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US$ 310 billion, respectively). These data suggested that losses were much higher at the
immediate post-harvest stages in developing countries and higher for perishable foods
across industrialized and developing economies alike. At the European scale, economic
losses were estimated at €143 billion, with 66.6% of costs related to household consump-
tion [42]. Recent studies showed that economic losses have increased by 11% because of
COVID-19. Furthermore, food products like red meat, cereal, fruits, and vegetables were
the highest contributors to economic waste with a 60.2% (€4.5/capita per week). Due to
lower demand and price of products, lamb, fresh fish, and especially beverages, contributed
to reducing the FLW cost (12.5%) [43]. Although FLW management has been assessed from
different points in view, it is imperative to promote an integrated and comprehensive way
to combine the different points of view to facilitate the decision-making.
Recently, some authors combined some of these variables to have a holistic approach
since more complex metrics include additional relevant aspects to support the decision-
making process. For instance, García-Herrero et al. [9] assessed the energetic and envi-
ronmental efficiency of the Spanish agri-food system using a life cycle approach. Authors
defined a nutritional and economic index called Nutritional Cost Footprint (NCF) for the
supply chain of the Spanish food system to define recovery strategies. Similarly, Vazquez-
Rowe et al. [10] combined the nutritional and economic efficiency of FLW along the supply
of 13 food categories included in the Spanish food basket. On the other hand, Laso et al. [44]
combined LCA and data envelopment analysis (DEA) to assess the efficiency of Spanish
agri-food system and to propose improvement actions in order to reduce energy usage and
GHG emissions.
Although these indicators allow the quantification of the performance of different
solutions depending on the variables assessed, case studies related to sustainability assess-
ment and impact reduction with multiple objectives are based on a “direction to target”
approach, which is focused on a sustainable objective without quantitative guidelines.
However, a “distance to target” approach provides practical guidelines by measuring
and quantifying the magnitude towards a previously defined sustainable target. In this
sense, the main novelty of this study is the definition of a methodology to obtain a single
indicator that combines economic and nutritional variables applying a “distance to target”
approach by means of multi-objective optimization. This methodology allows to identify
the hotpots, critical food categories, and FSC stages to focus the improvement measures
of them. Furthermore, unlike other conventional optimization methods, it combines the
economic and nutritional variables, minimizing both functions together, and providing a
single solution, rather than a set of them, making its interpretation easier. However, this
fact can also present a limitation, since it is not possible to choose another solution that
provides a greater improvement in a specific variable if necessary. In this case, the Spanish
food system was used as case study to identify the food categories in which FLW represent
a greater economic and nutritional impact. It provides a thorough analysis that would
help decision making process for the definition of strategies to minimize FLW along the
agri-food supply chain.
2. Methodology
The methodology developed in this study aims to obtain an optimized indicator
based on the normalized Euclidean distance between an individual solution and the
optimization target, applying a “distance to target” approach. This single index combines
both nutritional and economic variables, so it provides a useful tool to identify the most
critical food categories and facilitates the decision-making process to design initiatives and
policies for a better management of FLW. In addition, the distance values are normalized
in the range between 0 and 1, so a direct and easily comparable outlook of the results
is provided, which presents an important advantage over conventional multi-objective
optimization methods. In this case, FLW along the Spanish FSC in 2015 was selected as a
case of study. The food categories sourced were fruits, vegetables, cereals, milk and other
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dairy products, vegetable oils, fish, meat, pulses, roots and tubers, sugar, and eggs. More
information about the case study can be found in [3].
Figure 2 shows the flowchart of the methodology proposed in this study, which
includes five phases: (1) food losses estimation, (2) nutritional food losses estimation,
(3) economic food losses estimation, (4) multi-objective optimization, and (5) Monte Carlo
simulation. The first phase consists of the calculation of the food losses during the FSC,
which are estimated through a material flow analysis (MFA). García-Herrero et al. [3] devel-
oped this MFA, considering FLW throughout the 6 main stages of the FSC (k = 1 agriculture;
k = 2 post-harvest; k = 3 processing and packaging; k = 4 distribution; k = 5 household
consumption, and k = 6 extra-domestic consumption), according to the food balances by
FAO [45]. The first stage of the FSC is domestic supply, which is calculated following
Equation (1) and refers to the total amount of food available to be used considering the
production losses, imports, exports, and stock variations in a specific year and country.
DSj = ∑ Prodj + Impj + Stock j − Expj (1)
where Prodj refers the food production for food category j (j = 1 cereals; j = 2 roots and
tubers; j = 3 sugar; j = 4 vegetable oils; j = 5 vegetables; j = 6 fruits; j = 7 pulses; j = 8 meat;
j = 9 fish; j = 10 milk and other dairy products; j = 11 eggs); Impj describes the movements
of the products in of the country (or imports); Expj is the movements of the products out of
the country (or exports); and Stockj refers to the stock availability of the product for the year
under study. In order to determine the amount of food for the supply chain (DSj) available
for human consumption (A1,j), the quantities of commodities used for other purposes were
considered, as Equation (2) established.
A1,j = DSj −
(
Feedj + Seedj + Other usesj
)
(2)
where Feedj describes the amount of commodity destined to animal feed; Seedj is the
amount of commodity used for reproductive purpose; and Other usesj refers to the quanti-
ties of commodities used for other non-food purposes.
Knowing the amount of food intended to human consumption (A1,j), FLW is de-
termined by means of the Equations (3) and (4), which consider the percentage of FLW





FLWj,k = αk,j·Ak,j ∀k 6= 1 (4)
where αk,j is the percentage of FLW generated in each stage k for food category j (see
Table A1 of the Appendix A). More information about MFA is available in [3].
The second stage of the methodology is the nutritional food losses estimation. For
this purpose, the estimation carried out by García-Herrero et al. [3] was used as reference,
as it calculated the nutritional food loss footprint (NFLWF). In this study, the nutritional
assessment was developed considering six nutritional characteristics of each food category:
i = 1 proteins; i = 2 fats; i = 3 fiber; i = 4 carbohydrates; i = 5 minerals, and i = 6 kilocalories.
In order to calculate the nutritional content present in the amount of FLW, the nutritional
characterization of food category in the supply stage k and nutritional descriptor i (Ni,j) was
used [46]. Therefore, Equation (5) was applied to calculate NFLW. The Bedca database [41]
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The third stage of the methodology consists of the economic food losses estimation.
The calculations are similar to those used for the NFLW but using the economic value of




Depending on the supply stage, the economic value was divided into three groups:
(a) for the agricultural production and post-harvest stages the price at origin is used;
(b) for the processing and packaging and distribution and wholesale and retail stages the
wholesale prices are considered, and (c) for the consumption stage the price for consumers
(see Table A3 of the Appendix A). The use of the different prices is due to the fact that the
price of foods increases as it moves through the supply chain, which means that FL in the
consumption stage generates a higher economic impact that in the agricultural one [3].
The fourth stage consists of the multi-objective optimization. This analysis is the nov-
elty of this study, since this holistic approach considers the nutritional and economic impact
of FLW as a single indicator. This methodology proposes a “distance to target” approach,
which provides some advantages when compared to standard multi-objective optimization
methods [47]. For instance, it provides a single Pareto solution rather than a Pareto front of
solutions, i.e., it supplies only one optimum solution that cannot be improved. Moreover,
it can be applied to identify the best way to improve suboptimal solutions [48]. This single
indicator is based on the Euclidean distance that is the distance between the individual




∣∣ fy(x)− gy∣∣2 (7)
where fy(x) is the vector to be optimized and gy the specified target. In the current study,
a normalized weighted distance Dnorm was employed as the main indicator to identify









where Fy(x) is the normalized vector to be optimized and Gy the normalized specified
target vector, while f py,j represents the weighting factor of each objective. This definition
of Dnorm implied that the distance values were normalized in the range between 0 (closest
to the target) and 1 (furthest to the target), so a direct and easily comparable outlook of the
results was provided (another clear advantage over conventional multi-objective optimiza-
tion methods). In this case, since both objectives must be minimized, the normalized target
vector was the null vector (all components are equal to 0).
Since FLW generation is influenced by several factors, such as the geographic area, the
supply chain stage, or the production area, it is necessary to consider these factors when
elaborating policies and initiatives. Therefore, it is imperative to analyze how the target
distances change when the weighting factor of each objective varies. In this sense, this
study used the Monte Carlo simulation approach for the calculation of distances for each
food category. This method is useful for the analysis of FLW in a quantitative basis, where
numerical values are assigned to these losses or wastes. The core of Monte Carlo analysis is
to vary input parameters according to the probability distribution function within likewise
pre-defined ranges (max and min) of input parameters. For each random set of input, total
outputs are calculated. The Monte Carlo simulator has many advantages over other types
of deterministic analysis, such as providing graphical results, allowing you to see exactly
which values present each variable when certain results occur and which variables have
the largest influence on the final results, as well as finding out precisely the reason, when
some factors rise, others rise or fall in parallel way [49]. In this case, Equation (8) was used
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to vary random values of weighting factors of each objective fpy,j to obtain multiple of
distances per food category.
The optimization tasks were carried out using GAMS [50] software environment
to solve the developed non-linear programming (NLP) model using CONOPT3 solver.
The General Algebraic Modeling System (GAMS) is a high-level modeling system for
mathematical programming and optimization. It is based on a language compiler and a
library of integrated high-performance solvers. In the case of the Monte Carlo analysis,
Excel was employed for the assessment of the relative relevance of the impacts, leading to
a distribution of distance values resulted of 1000 different runs.
Figure 2. Flowchart of the methodology proposed in this study.
3. Results
The results include the quantification of the FLW in mass, economic, and nutritional
terms in Section 3.1, the multi-objective simulation based on distances (Section 3.2), and
finally, the Monte Carlo simulation in Section 3.3.
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3.1. FLW Quantification in Mass, Economic, and Nutritional Terms
Figure 3 shows the mass contribution of the different stages of the FSC to the gen-
eration of FLW for each food category. In addition, the total FLW is shown on the right
bar of the graph. This analysis revealed that almost 54% of FLW was generated in the
agriculture stage due to climatic causes, technological deficiencies, overproduction, and
food quality standards. Vegetable oils (75%), vegetables (70.5%), and fruits (62.8%) were the
most wasted food categories in this stage. About 27% of the total FLW was produced at the
consumption stage, particularly 21% in households and 6% in extra-domestic consumption,
due to poor (or lack of) planning in the food basket, over-provisions, and unsustainable
consumption habits. At this stage, the highest losses were found in milk and dairy products
(55.2%) and cereals (55.4%). The remaining stages of the FSC, such as post-harvest (7.3%),
processing and packaging (7.4%), and distribution (5.7%) had low mass contribution, below
8%. Nevertheless, by food categories, pulses presented the greatest contribution in post-
harvest (18%), whereas meat (24.5%) and fish (18.3%) were highlighted in the processing
and packaging and distribution stages, respectively.
Figure 3. Mass contribution (%) of total food loss and waste (FLW) generated along the supply chain
of the Spanish food system.
Regarding the economic assessment of the FLW, Figure 4 shows that the consumption
stage gained the leading role at the expense of the agricultural stage. As shown on
the right bar of the graph, almost 50% of the economic losses were produced at the
consumption stage, both household (37%) and extra-domestic services (10%). Cereals
(69.7%) and sugar (67.7%) were the food categories with the greatest economic losses.
On the contrary, agriculture was the dominant stage for vegetables and vegetable oils,
accounting for 68.3% and 54.9% of the costs, respectively. Post-harvest, processing and
packaging, and distribution stages contributed 3.6%, 10.6%, and 8.2%, respectively, to the
total economic losses, with the highest impact for pulses (14%) in post-harvest and meat
(23% and 13.7%) in processing and packaging and distribution stages, respectively. Finally,
concerning nutritional FLW, the trend was similar to mass FLW. According to Figure 5,
41% of global FLW corresponded to the agricultural production stage (right bar), with
the highest contributions in vegetables oils (75.7%), vegetables (70.5%), and fruits (62.8%).
The consumption stage represented 35.7% of the nutritional FLW, reaching household
consumption 28% and extra-domestic consumption 7.8%. Cereals (55.4%) and milk and
other dairy products (55.2%) were the food categories with a larger nutritional loss in
this stage.
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Figure 4. Economic contribution (%) of the total FLW generated along the supply chain of the Spanish
food system.
Figure 5. Nutritional contribution (%) of the total FLW generated along the supply chain of the
Spanish food system.
3.2. Multi-Objective Simulation Results
The FLW was analyzed in terms of normalized loss and waste factors (qualitative
analysis): XE (normalized economic loss factor per category) and XN (normalized nutri-
tional loss factor per category). Figures 6 and 7 compare the nutritional content for the
different food categories with their economic value along the FSC. The former displays
the first three stages of the FSC (agricultural production, post-harvest, and processing and
packaging), and the latter shows the distribution and consumption stages. Six nutrients
were evaluated: proteins, carbohydrates, energy content, fats, fibers, and minerals. To
classify the different food categories according to the intensity of nutritional-economic
waste, the position where these food categories were found in the graph must be assessed.
This way, food categories closer to 0 were more economically-nutritionally efficient, while
those closer to 1 were less efficient.
In general terms, Figure 6 denotes that vegetables, fruit, vegetable oils, and meat
had the worst XE/XN ratio whereas sugar, eggs, and pulses were the most efficient food
categories. A similar trend was followed in the last stages of the FSC (Figure 7). Generally,
eggs and pulses got an excellent rating for all nutrients, and meat and vegetables reached
the worst XE/XN ratio. It should be highlighted that there was a great XN for cereals, close
to 1, for almost all nutrients, which indicated that it was not an efficient food category.
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According to these results, the decision-making process is not straightforward, as
any food category presented the best XE/XN ratio for all nutrients. This is the reason why
determining a single indicator is key for identifying the food categories with the highest
FLW along the FSC in economic and nutritional terms.
The Pareto method was used to simplify the decision-making process determining
which food categories can be considered Pareto optimal points. According to Limleamthong
and Guillen-Gosálbez [48], an S1 solution is a Pareto optimum when there is no other S2
solution that improves in one objective without worsening at least one of the others.
Figure 6. Normalized economic and nutritional factors of each food category per nutrient in the first
stages of the food supply chain: (a) proteins; (b) fats; (c) carbohydrates; (d) energy content; (e) fiber;
and (f) minerals.
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Figure 7. Normalized economic and nutritional factors of each food category per nutrient in in the
distribution and consumption stages of the food supply chain: (a) proteins; (b) fats; (c) carbohydrates;
(d) energy content; (e) fiber; and (f) minerals.
Table 1 details the identification of Pareto optimal values. The blue cross marks the
optimum food categories in the first stages of the supply chain (lower losses generated),
whereas food with an orange cross represented the distribution and consumption stages
with less waste generation. However, Table 1 shows a pairwise analysis that did not allow
the real determination of the most efficient food, as not all food categories contain the
nutrients in their composition.
Sustainability 2021, 13, 125 13 of 24
Table 1. Pareto optimal categories per food category and nutrient. Blue cross: losses. Orange cross:
wastes.
Food Category Proteins Carbohydrates Fats Kcal Minerals Fiber
Cereals
Roots and tubers X
Sugar X X
Vegetable oils X X
Vegetables
Fruits





Eggs X X X X X X X
For example, in the protein column, sugar was found as Pareto optimum since it is the
best positioned product in the graph (in economic and nutritional terms); however, sugar
does not contain protein. In the same vein, vegetable oils do not contain minerals and eggs
do not contain fiber either. As a result, it is necessary to obtain an index that combines
economic and nutritional characteristics in a single value. This is the case of multi-objective
optimization based on distances, which calculates the “distances to the target” by food
category.
Firstly, with the standardized factors Xe and Xn discussed above (Figures 6 and 7),
distances were calculated considering equal weighting factors for economic and nutritional
objectives. Equation (8) (Dnorm) was applied to obtain the equivalent distances for each food
group, taking into account that Fy(x) are the standard factors Xe and Xn to be optimized,
Gy is equal to 0, n is the number of targets to be optimized, and Fpy,j are the weights of
each target by food category, in this case 1. Then, the minimum and maximum distances
of each food category were calculated. GAMS software was used to work with the non-
linear programming (NLP) models using the CONOPT3 solver. In addition, this software
was employed to allocate weights to the losses of each food category to define the most
extreme performances These minimum and maximum distance values refer to the worst-
and best-case of each food category. In this case, the software gives different weighting
factors (fpy,j) to the objectives (Xe and Xn) of each food category to maximize or minimize
their performance.
Figure 8 shows the distances obtained in pairs for each nutrient category in the first
stages of the FSC, considering the economic and nutritional variables in a single indicator.
Food categories appear from largest to smallest distance. Vegetables, vegetable oils, meat,
and fruits were the food categories furthest from the desired target for all nutrients assessed.
This means their FL along the first stages of the FSC generated the highest economic and
nutritional costs. These outcomes follow the same trend of the results in Figures 4 and 5,
concluding that these food categories had the highest contribution to the economic and
nutritional FL. In addition, these food categories were the closest to 1 in Figure 6. On the
other hand, pulses, sugar, and eggs were the most efficient food categories, with a distance
to target close to 0 in the first stages of the FSC, following the same trend as in Figure 6.
Figure 9 shows the distances obtained in pairs for all nutrients in the distribution
and consumption stages of the FSC. In this case, meat, cereals, and fruits were the food
categories furthest from the desired target for all nutrients. That is to say, the FW of
these food categories had the greatest economic and nutritional impact and, therefore, it is
necessary to design new strategies to reduce amount of waste. In contrast, pulses and eggs
were the food categories most efficient since their distance to target was the lowest. In these
stages of the FSC, vegetables were found in the middle positions of the graph, overtaken
by meat, cereals, fruit, and dairy products. These results denoted that many vegetables
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were lost in the first stages of the FSC; however, its management in the last stages of the
FSC was better.
Figure 8. Normalized distance under equal weighting factors and minimal and maximal normalized
distances for each nutrient in the first stages of the FSC (agricultural production, post-harvest and
processing and packaging): (a) proteins; (b) fats; (c) carbohydrates; (d) kilocalories; (e) fiber; and
(f) minerals.
After analyzing the results obtained, it was observed that despite obtaining a single
value that combines economic and nutritional characteristics, the optimization by pairs of
objectives did not provide enough information to position the food groups according to the
impact they generate because nutrients were studied separately. Therefore, it is necessary
to obtain global distances for all the nutrients. Equation (8) was again applied, obtaining
the equivalent distances by category. In this case, the standardized factors to be optimized
were seven: an economic factor and six nutrients factors (proteins, fats, carbohydrates,
minerals, fibers, and kcal). The minimum and maximum distances were calculated with
the previous GAMS programming by changing the constraints.
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Figure 9. Normalized distance under equal weighting factors and minimal and maximal normalized
distances for each nutrient in the first stages of the FSC (distribution and consumption): (a) proteins;
(b) fats; (c) carbohydrates; (d) kilocalories; (e) fiber; and (f) minerals.
Tables 2 and 3 present the normalized factors (XE and XN) and the equivalent, mini-
mum, and maximum distances obtained for each food category, distinguishing between
losses (Table 2) and wastes (Table 3).
The food categories with distances highlighted in red are the ones furthest from
the target and thus, the categories with the greatest impact. In contrast, the categories
highlighted in green are the food products that had the lowest distance and impact.
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Table 2. Normalized economic and nutritional factors, normalized distance, and minimal and maximal normalized distances




Dn eq. Dn Min Dn Max
Proteins Fats Carbohydrates Minerals Fiber Kcal
Fruits 0.51 0.45 0.17 0.91 1.00 1.00 0.40 0.70 0.42 0.91
Cereals 0.03 1.00 0.04 1.00 0.46 0.42 0.42 0.61 0.25 0.72
Vegetables 1.00 0.55 0.02 0.26 0.81 0.46 0.14 0.57 0.32 0.83
Vegetable oils 0.42 0.00 1.00 0.00 0.00 0.00 1.00 0.56 0.30 0.89




0.05 0.70 0.13 0.04 0.32 0.00 0.18 0.30 0.17 0.50
Roots and
tubers 0.10 0.19 0.00 0.23 0.31 0.13 0.09 0.18 0.11 0.25
Sugar 0.01 0.00 0.04 0.38 0.07 0.00 0.17 0.16 0.09 0.27
Fish 0.17 0.29 0.00 0.00 0.08 0.00 0.02 0.13 0.07 0.21
Pulses 0.02 0.10 0.01 0.03 0.05 0.04 0.02 0.05 0.03 0.07
Eggs 0.01 0.05 0.01 0.00 0.01 0.00 0.01 0.02 0.01 0.03
Table 3. Normalized economic and nutritional factors, normalized distance, and minimal and maximal normalized distances




Dn eq. Dn Min Dn Max
Proteins Fats Carbohydrates Minerals Fiber Kcal
Fruits 0.27 1.00 0.29 1.00 1.00 1.00 1.00 0.86 0.45 0.94
Cereals 0.14 0.68 1.00 0.04 0.68 0.00 0.43 0.55 0.30 0.79
Vegetables 1.00 0.73 0.07 0.00 0.30 0.00 0.22 0.49 0.27 0.79
Vegetable oils 0.72 0.10 0.31 0.21 0.50 0.54 0.22 0.42 0.27 0.59




0.06 0.00 0.52 0.00 0.00 0.00 0.16 0.21 0.11 0.35
Roots and
tubers 0.06 0.00 0.26 0.30 0.12 0.00 0.32 0.20 0.11 0.28
Sugar 0.38 0.21 0.02 0.00 0.12 0.00 0.04 0.17 0.09 0.28
Fish 0.11 0.05 0.01 0.06 0.19 0.09 0.06 0.10 0.06 0.14
Pulses 0.02 0.06 0.05 0.00 0.03 0.00 0.02 0.03 0.02 0.05
Eggs 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02
In the agricultural production, post-harvest, and processing and packaging stages,
fruits (Dn eq. = 0.7), cereals (Dn eq. = 0.61), and vegetables (Dn eq. = 0.57) were the furthest
from the distance target (Table 2). In addition, cereals (Dn eq. = 0.86) were also in the
worst position in the distribution and consumption stages (Table 3). In these stages, cereals
were followed by milk and other dairy products and meat (Dn eq. = 0.49). Therefore, in
the whole FSC, vegetables, fruits, and meat, together with cereals, had the highest Dn eq.
both for FL and FW, revealing them as the least efficient food categories. These results
are in agreement with those of García-Herrero et al. [3], which stated that vegetables,
fruits, and meat were the least efficient food categories, and that household consumption
was the main factor responsible for FW generation, followed by agricultural production.
Vázquez-Rowe et al. [10] concluded that vegetables and fruits were the food categories
most affected by the inefficiencies in the FSC under a nutritional perspective, agricultural
production and household consumption being the main stages in which the nutritional
content of food was lost or wasted. On the contrary, pulses and eggs appeared as the
most efficient food categories. These and other studies with similar approaches have been
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included in Table A4 in Appendix A, reflecting the wide diversity of analyses and results
that exist in this field of study.
3.3. Monte Carlo Simulation
In order to increase the usefulness of this study to promote FLW reduction policies
by different actors with specific interests, the applicability of the developed methodology
was further analyzed to have a better understanding of the evolution of distances when
the weighting factors take different variable values. For this purpose, a Monte Carlo
simulation was carried out, based on random values for the different f py,j values (although
the sum of the parameters was always maintained constant). The results obtained are
shown in Figure 10. On the one hand, Figure 10a shows the variation (expressed as
cumulative frequency) of the distances to the target obtained by food category referring
to the first stages of agricultural production, storage, and processing, while, on the other
hand, Figure 10b shows the variation of distances focused on the final stages of distribution
and consumption.
Figure 10. Monte Carlo simulation along the supply chain of the Spanish food system: (a) first stages
of the supply chain (agricultural production, post-harvest, and processing and packaging); (b) last
two stages of the supply chain (distribution and consumption).
In Figure 10a, it is observed that practically all the food categories maintain their
position from lowest to highest distance from the target compared to the results obtained
by applying multi-objective optimization, except in specific cases (such as vegetables and
vegetable oils or sugar and roots and tubers). In these cases, the corresponding curves have
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intersection points and the relative positions of these pairs of categories according to the
distance to target vary.
Nevertheless, at the national level taken as case study, the category of fruits is clearly
shown as the one furthest from the objective (in 50% of cases its distance is greater than 0.7).
In the second position cereals appear, followed by vegetables and vegetable oils. These
last two groups are intertwined with each other, since, depending on the weight factors
applied, the distance of one is better than that of the other. In 70% of the cases, the distance
to the objective of the vegetables is greater, but when the distance exceeded 0.6, the position
of the oils worsened. Therefore, there is an urgent need to create specific reduction and
management methods for these categories in the first stage of the supply chain. It is worth
noting that the categories of eggs and legumes had the least impact (100% of cases present
a distance from the target of less than 0.05).
When attention is pointed to the amount of waste generated in the final stages of
the supply chain (Figure 10b), the positions of the food categories change. In this context,
cereals occupy the worst position by far compared to the rest of the categories, with a
distance greater than 0.8 in 50% of the cases. Dairy products are in the second worst
position, although with a significantly shorter distance (0.55 in 50% cases) than cereals.
The third position is occupied by meat products. Regarding fruits, which had the greatest
impact in the early stages of the chain, now they present an intermediate distance curve
(practically 100% of cases present a distance less than 0.5). Legumes and eggs are again the
food categories that are closest to the target.
It should be noted again that the results obtained refer to the total FLW of food in
Spain. Therefore, for the proposed tool to be effective, it must be adjusted by the different
stakeholders (institutions and governments at different scales, agricultural producer or-
ganizations, logistics companies, food industries, hotel and restaurant chains, consumer
associations, etc.), since their respective goals will be very different. This divergent per-
spective, with specific targets for specific stakeholders, can be adapted to the methodology
proposed in this work, which can withstand the definition of particular sustainability
targets with appropriate weighting factors without jeopardizing its robustness. Moreover,
the methodology applied in this study is particularly interesting, not only because of the
environmental criteria along the FSC, but also nutritional aspects, closely related to re-use
strategies for human consumption and animal feeds, and the economic dimension allowing
the optimization of the food waste management, prioritizing the commercial purpose,
and adding value to the products. This methodology could be used to develop a tool
for measuring these environmental, nutritional, and economic aspects, which could be
integrated in a new eco-label to raise public awareness. This complex tool would follow the
tenets of other environmental studies, adding in nutritional and economic indicators. For
instance, the free software Calcafé (not open yet) that measures the environmental footprint
of coffee (from the extraction to the point of export) helping producers and consumers in
the decision-making process [51], or Pescaenverde, an eco-label for the fishing and seafood
sectors that uses a life cycle perspective based on the carbon footprint and edible protein
energy return on investment [52].
Regarding policy implications, currently, FLW reduction policies are focused on
weight reduction targets. In addition, they do not distinguish between food categories
or FSC stages, but are focused on the consumption stage. In this sense, the methodology
proposed in this work could help policymakers to design strategies not only in terms of
weight, but also considering their nutritional and economic impact. Hence, new strategies
can be addressed to critical food categories and FSC stages. Moreover, this methodology
could serve as a baseline for stakeholders to set individual reduction targets for each food
category and FSC stage and develop initiatives to minimize FLW.
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4. Conclusions
Currently, FLW management policies are focused on reduction targets at the con-
sumption stage; however, it is imperative to act along the whole FSC. To reduce FLW, the
agricultural stage requires the coordination of farmers that follow calendars depending
on market demand, and the dissemination of best practices to comply with food security
standards.
At the consumption stage, it is necessary to increase awareness and knowledge about
FLW generation and its economic, social, and environmental costs. Several measures would
contribute to this goal, including launching awareness campaigns, promoting sustainable
consumption partners, improving products’ labeling, developing programs for the use of
food leftovers, etc. In FLW management, reduce, reuse, recycle, and valorize alternatives
have to be prioritized. Starting with the redistribution of food leftovers in food banks,
which sensitize populations and improve the food and nutrition security of people in
need. Another measure is recycling food by-products, which at the industrial level are
used to produce animal feed; however, due to high-water content, some foods require
drying and dewatering or mechanic pressing. Regarding FLW valorization, anaerobic
digestion recovers two products: energy and an established sludge that can be used as
compost. In this regard, this study applied a “distance to target” approach to estimate the
nutritional and economic cost of FLW along the Spanish FSC. The proposed methodology
facilitates the decision-making process and lays down the foundations to reduce FLW.
Results demonstrated that 80% of FLW occurred at agricultural (53.3%) and consumption
stages (26.3%). Vegetables, fruits, and cereals were the least efficient foods due to the great
amount of FLW. Therefore, it is necessary to design specific strategies depending on the
food and FSC stage. Moreover, to mitigate FLW, multiple actors should collaborate to
reduce the amount of waste and to recover their nutritional and economic content.
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Appendix A
Table A1. Percentage (%) of loss of each food category by stage [11,53].
Category Agriculture Post-Harvest
Processing and Packaging Distribution Consumption
Milling Processing Fresh Processing Fresh Processing
Cereals 4.6 2 0.5 10 2 2 25 25
Roots and tubers 2.6 7 15 15 7 3 17 12
Sugar 20 5 2 2 10 2 19 15
Oils 26.2 2.19 5 5 1 1 4 4
Vegetables 27.6 4 2 2 10 2 19 15
Fruit 20.7 4 2 2 10 2 19 15
Pulses 4.6 2 5 5 1 1 4 4
Meat 3.1 0.7 6.3 6.3 4 4 11 11
Fish and seafood 9.4 0.5 6 6 9 5 11 10
Milk 3.5 0.5 1.2 1.2 0.5 0.5 7 7
Eggs 4 0 0.5 0.5 2 2 8 8
Table A2. Nutritional composition of each food category (per 100 grams).
Proteins (%) Fats (%) Carbohydrates (%) Fiber (%) Minerals (%) Energy (kcal)
Cereals 13.00 3.57 68.46 8.72 0.91 363
Roots and tubers 1.85 0.19 11.48 1.96 0.45 56
Sugar 0.00 12.14 78.14 0.16 0.40 439
Oils 0.00 99.97 0.00 0.00 0.00 888
Vegetables 1.12 0.34 2.74 1.50 0.25 19
Fruit 0.90 2.56 9.60 3.18 0.31 70
Pulses 20.90 11.73 31.71 11.33 1.53 326
Meat 19.94 1.70 0.00 0.00 0.57 167
Fish and seafood 17.96 1.70 0.22 0.00 0.72 89
Milk 12.03 16.68 3.30 0.00 0.85 211
Eggs 12.50 11.10 0.00 0.00 0.54 150
Table A3. Percentage (%) of loss of each food category by stage [11,53].
Food Category Origin Wholesale Market Consumption
Cereals 0.17 0.17 1.03
Roots and tubers 0.31 0.48 1.20
Sugar 0.04 0.37 0.81
Oils 2.09 2.95 3.82
Vegetables 0.79 1.19 2.09
Fruit 0.38 1.05 1.95
Pulses 1.57 2.01 3.46
Meat 3.23 5.76 8.29
Fish and seafood 3.36 4.90 11.27
Milk 0.29 0.51 0.73
Eggs (dozen) 0.63 1.03 1.44
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Table A4. State of the art of similar studies and working conditions.
Study Year Assessment Goal Scope Main Results
Quested and
Johnson [39] 2009 CO2 eq./t waste
Household food and
drink waste. United Kingdom 4.5 t CO2 eq./t waste.






nationwide food waste. United States
Food waste generation: more than
1400 kcal per person per day, more
than one quarter of the total
freshwater consumption and








United States Highest EEL of food waste: dairyproducts and vegetables.
Gustavsson
et al. [7] 2011




Direct relation between higher
amounts of food waste and the
industrialization level of the country.
Berners-Lee








Highest GHG emissions of food waste:
fresh fruit, vegetables, and salads.
Kummu et al.
[33] 2012
Weight of food losses
and waste and its
nutritional energy
loss.
Food supply losses and
the resources used to
produce them.
Global
Around one quarter of the produced
food supply (614 kcal/capita/day) is
lost (enough food for one billion
extra people).
Rutten [41] 2013 Economic loss. Comparison ofdifferent countries. Global
Food losses and waste in
industrialized and developing
countries: US$ 680 and
US$ 310 billion.
Vázquez-Rowe













Assessment of the food
supply chain. Italy
Highest EEL of food waste: meat,
milk and fish.
Spiker et al.
[35] 2017 Nutritional loss.
Nutrient loss and





Food wasted: 1217 kcal, 33 g protein,
5.9 g dietary fiber, 1.7 µg vitamin D,
286 mg calcium, and 880 mg












Reduction in GHG emissions and
primary energy use by changes to
more favorable options in the waste
hierarchy.
García-Herrero
et al. [3] 2018
Weight of food losses







Lowest efficiency: vegetables, fruits
and meat.
Main FW generation: consumption
and agricultural production stages.
Abbade [37] 2018 Nutritional loss.
Rate of loss for the
main food groups in
the world.
Global
The rate of loss remains constant or
slightly growing. The amount of food
losses would be enough to feed
940 million adult individuals.
Scherhaufer




CO2 eq./t waste. Europe 1.9 t CO2 eq./t waste.








An average energy saving of
approximately 70% is estimated in
order to be efficient.
García-Herrero











Highest nutritional and economic
food waste: agricultural production
and fruits and vegetables.
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Table A4. Cont.
Study Year Assessment Goal Scope Main Results
Hoehn et al.
[59] 2019






Highest energy loss: cereals, meat,
fish and seafood and vegetables.
Lowest energy loss: vegetarian diet.
Vázquez-Rowe






food loss and waste.
Spain
Less efficiency: vegetables and fruits











Highest loss rates: fruits and
vegetables. Highest nutritional loss:
animal fats, snacks, pastries, and
sweets. Highest economic loss: red
meat, cereals, fruits, and vegetables.
Highest GHG emissions: red meat.
Chen et al. [60] 2020 Nutritional andenvironmental losses.
Nutritional and
environmental
footprint in food waste.
151 countries
Highest mass loss: vegetables, cereals,
and fruits. Highest nutritional loss:
cereals, fruits, vegetables, and meat.
Highest environmental impacts:








systems with a focus on
food waste.
Austria
Higher food waste resulted in higher
environmental impacts but also
higher value added to the economy.
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